The ship's manoeuvring behaviour in waves is significantly different from that in calm water. In this context, the present work uses a hybrid method combining potential flow theory and Computational Fluid Dynamics (CFD) techniques for the prediction of ship manoeuvrability in regular waves. The mean wave-induced drift forces are calculated by adopting a time domain 3D higher-order Rankine panel method, which includes the effect of the lateral speed and forward speed. The hull-related hydrodynamic derivatives are determined based on a RANS solver using the double body flow model. The two-time scale method is applied to integrate the improved seakeeping model in a 3-DOF modular type Manoeuvring Modelling Group (MMG model) to investigate the ship's manoeuvrability in regular waves.
INTRODUCTION
The need for a more realistic prediction of the ship manoeuvrability when navigating and manoeuvring in coastal or harbour areas has stressed the importance to incorporate wave effects in mathematical manoeuvring models. Moreover, the effect of waves on a manoeuvring ship is also an important focus reflected by Energy Efficient Design Index (EEDI), which has been put into force by the International Maritime Organization (IMO) for CO2 emissions allowance and the maximum installed power on-board.
Despite the high cost of experimental studies, free-running model tests in waves are considered to be the most accurate method to estimate wave effects on ship manoeuvring. Such tests have been carried out by many researchers, such as Ueno et al. [3] , Lee et al. [4] , Yasukawa et al. [5] . Recently, Sprenger et al. [6] conducted a benchmark experimental study on ship manoeuvring in waves in the frame of the SHOPERA project. Although the last decades witnessed the rapid development of high performance computers, the direct RANS-based CFD simulation still requires a significant amount of computing resources and is time-consuming too. This makes extremely hard to directly simulate ship manoeuvring in waves using CFD. To the author's best knowledge, only few researchers had performed direct CFD simulations. E.g. Mousaviraad et al. [7] conducted simulations for turning circle and zigzag manoeuvres of a transformable craft (T-Craft) vessel based on URANS solver CFDship-Iowa. Cura et al. [8] studied the manoeuvrability of the DTC container ship in waves by using OpenFOAM. Wang et al. [9] [10] carried out zigzag manoeuvres of a free running ship in waves using naoe-FOAM-SJTU.
In literature one can find mathematical models which are widely used to predict the ship manoeuvring in waves, e.g. Bailey et al. [11] , Fossen [12] , Sutulo and Soares [13] , Schoop-Zipfel and Abdel-Maksoud [14] , Subramanian and Beck [15] . In the studies mentioned above, the "unified method", which considers the memory effect or nonlinear factors due to the transient body wetted surface, is used to integrate manoeuvring and seakeeping problems. But the lack in their researches is that the second order wave forces is not accurately considered. Other researchers explored a different approach, the "two-time scale method" which subdivide the manoeuvring in waves problem in a seakeeping and a manoeuvring in calm water modules. In this method the second order wave forces are calculated by the seakeeping module beforehand and transfer to the manoeuvring model, while the kinematic parameters are computed by the manoeuvring module and transferred to the seakeeping module. This process is repeated at two different time scales. Examples of this method can be found in Skejic and Faltinsen [16] where they proposed the two-time scale method in regular waves, and Yasukawa et al. [17] where they studied the ship manoeuvring in regular and irregular waves and calculated the second order force by using different methods.
In [16] and [17] the major drawback in their studies is that the seakeeping problem was calculated using two dimensional approaches (2D strip theory). In Seo and Kim [18] , Seo et al. [19] , however, they applied the Neumann-Kelvin linearization based on the 3D Rankine panel method for a turning test of the S175 container ship in regular waves. Zhang et al. [20] modified the method in [18] by considering the lifting effects for the turning and zigzag manoeuvres prediction of the S-175 container ship in regular waves.
In spite of the differences between the unified and the twotime scale methods, the viscous hydrodynamic derivatives are almost always obtained from existing experiments. Recently, Chillcce and el Moctar [21] developed a numerical method to simulate the ship manoeuvring in waves. The viscous hydrodynamic coefficients are obtained by using CFD method and the second order wave drift forces are approximately expressed as a continuous function with respect to surge velocity and wave angle, which is computed beforehand by using the Rankine panel method and saved as database. The major problem with this approach is that the lateral speed and yaw angular velocity have not been considered in the estimation of the second order forces. However, according to the research in [19] , the simulation results considering the lateral speed show better agreement with the experimental data.
In the present research, the turning circle main characteristics as well as the wave-induced motions of a S175 container ship are evaluated. The mean wave-induced drift forces, including the effect of the lateral speed and forward speed, are evaluated by adopting a time domain 3D higher-order Rankine panel method using double body basis flow, while the hull-related viscous hydrodynamic derivatives are determined based on a RANS solver using the double body flow model. The validation of the present method is carried out by comparing the numerical results with experimental data obtained from [1] , [2] .
MATHEMATICAL FORMULATION
Consider a ship moving with a velocity ，drift angle and heading angle 0 in the regular waves with wave angle , as depicted in Figure 1 . − and − mean global and body-fixed coordinate system, respectively. The -axis coincides with the forward speed and the origin is located at the centre of gravity. The y-axis points portside, the Z and axes points upward. The relationship of the two coordinate systems can be derived as follows:
where 0 ( ) and 0 ( ) denote the ship position without the oscillation component in the global coordinate system at time t. In this study, the manoeuvring problem is solved in the − , whereas the wave induced motion is analysed in the bodyfixed coordinate system − .
The incident wave potential in − can be expressed as:
where is the wave amplitude, W is the incident wave frequency, is the wave number. From the Eq. (2), the encounter frequency E can be derived as: 
High Frequency Seakeeping Problem
In the frame of potential theory, the total velocity potential and wave elevation can be written as:
where is the basic velocity potential, is the regular incoming wave potential and ζ is the wave elevation. and are the disturbance velocity potential and ζ is the disturbance wave elevation.
In present study, the double body linearization is used, then the linearized Boundary Value Problem (BVP) of ( ⃑, t) can be expressed as follows:
The kinematic and dynamic free surface conditions on free surface z = 0 are:
The body surface condition on the mean body surface ⃑ is:
where ( . The detailed evaluation of the terms can be found in Mei et al [22] . In fact, when a ship sails in a real sea state or manoeuvres in waves, the lateral drift will be induced by the wave drifting forces, the occurrence of the lateral forces then produce considerable influence on the ship's motions, which will be different from the straight course case. To this end, the time domain 3D higher-order Rankine panel program in present study will consider the effects of forward speed and lateral speed for the laterally drifting ship in regular waves. Therefore, the velocity ⃑ ⃑⃑ in , in Eq. (9), contains not only the effect of forward speed , but also including the lateral speed and yaw rate , expressed as follows:
Once the unknown velocity potentials are obtained, the hydrodynamic force and moment (̇, , ) can be evaluated by:
The 6-DOF ship motion equations can be obtained base on Newton's second law,
where and represent mass and restoring coefficients matrix, respectively.
In present study, the second-order wave force is evaluated by applying the pressure integration method, expressed as:
where the wave induced motion vector is ⃑ = ⃑ + ⃑ × ⃑ , and the vectors ⃑⃑ 0 , ⃑⃑ 1 and ⃑⃑ 2 mean the zero, first and secondorder components of the normal vector on the hull surface. represents the angle of the hull flare at free surface.
Low Frequency Manoeuvring Problem
For the manoeuvring problem, a 3-DOF modular-type model is considered as follows:
where is the ship mass and is the moment of inertia. , and are the corresponding added masses and added moment of inertia in surge, sway and yaw, respectively. The subscripts , , of , , represent the low frequency hydrodynamic forces on the hull, propeller and rudder, respectively; denotes the mean second order wave drift forces. In the present study, the bare hull related hydrodynamic derivatives in Eq. (14) are determined using a RANS-based solver from STAR CCM+. The other manoeuvring hydrodynamic derivatives for the rudder and the propeller can be found in [1] and [23] .
Numerical Implementation
In this study, the seakeeping problem is solved with a Bspline based time domain higher order Rankine panel method developed by Mei et al [22] , while the manoeuvring motion equations (14) are calculated with a fourth order Runge-Kutta scheme. For the coupling problem of seakeeping and manoeuvring motions, a parallel time marching scheme (the twotime scale) is used, which is following the work of [20] . This means that the global variables, such as ship position and velocity, are firstly calculated in the − coordinate system by Eq. (14) ; then the global variables will be used as input to solve the seakeeping problem under the specified wave condition in the − coordinate system. Meanwhile, the mean drift forces and moments obtained from seakeeping problem are substituted back to perform the manoeuvring simulation at next time step. The details of the numerical techniques can be found in [20] [25] .
NUMERICAL RESULTS AND DISCUSSIONS

Test Cases
In order to verify the present method, the S175 container ship is chosen as a case study in present work. The ship main particulars are listed in Table 1 .
The wave induced motion of a laterally drifting ship is firstly computed and compared with the numerical and experimental data from [27] . Table 2 shows the computation case in present study. Figure 2 shows the discretized panels on the boundaries in the potential method (full model), where the truncated free surface computational domain is 1.5Lpp upstream, 1.5Lpp downstream and 0.8Lpp half width. The total panels in the numerical domain are 6700, where 1200 are located on the ship's hull and 5500 on the free surface.
Subsequently, the captive model tests (1:50 model scale), see Table 3 , including the steady drift test, circular motion test (CMT) and CMT with drift angle test, are carried out by RANSE-based CFD solver STAR-CCM+ to determine hullrelated viscous hydrodynamic derivatives. As for the detailed information of the simulation approach and set up in STAR-CCM+ in the present work the reader see the similar work in [26] . Figure 3 shows the rectangular computational domain, where the dimension of computational domain ranges -3Lpp<x<2Lpp, -1.5Lpp<y<1.5Lpp, -1.0Lpp<z<0. It should be noted that the symmetry plane boundary condition is imposed on the top of the domain based on double body model in present study.
Then the turning performance of the S-175 containership in regular waves is studied and the numerical results are compared with the experimental data obtained from [2] . 
Wave Induced Motion of a Laterally Drifting Ship
In order to validate the present code and compare with the available experimental results in [27] , the wave induced motion of the laterally drifting S175 container ship will be calculated for the computation case in Table 2 . Figure 4 shows the numerical results of wave induced motion responses in head waves for different drift angles in comparison with the 2D strip method and experimental data by Yasukawa et al. [27] . Note that the surge motion in [27] is not considered due to the use of the strip theory.
As can be seen from Figure 4 , generally the present numerical results show better agreement with experimental data than that by 2D strip method except for the sway motion. One reason, as explained in [27] , might be the insufficient wave exciting roll moment acting on the laterally drifting ship in head waves; secondly the amplitude of sway motion is actually a smaller quantity compared with other DOF's in head waves, therefore accurate prediction seems to be even more difficult. Another crucial factor may be the present potential method, which does not sufficiently consider lift effects when meeting larger drift angles, such as vortex around transom stern and bulbous bow. The problem may be to properly dealt with by implementing the Kutta condition and will be considered in further studies.
Another important observation is that, as seen in Figure 4  (c) and (d) , the heave and pitch motions in head waves do not significantly change when the drift angle is considered, this is observed for both numerical and experimental results. The reason behind this is that there is no change in the added mass, the damping coefficients, and the exciting forces due to lateral drift. Figure 5 shows the wave contours around S175 container ship for the drift angles β = 0°, 5°, 10°. From Figure 5 one can clearly observe asymmetry and this increases with the increase of drift angle. The reason is the existing of the drift angle which changes the distribution of flow field around the ship, as a result, the disturbance wave is no more symmetrical in comparison to the case with no drift angle in head waves. = 0.15 Figure 6 presents the normalized results of hydrodynamic forces and moments on the bare hull by the virtual captive model tests (see Table 3 ), where the forces and moments are normalized by 0.5ρ 2 and 0.5ρ 2 2 , respectively. By using the leastsquares fitting method, the velocity dependent hydrodynamic derivatives (i.e. ′ , ′ , ′ , ′ and ′ ) can be determined from steady drift tests; similarly, the angular velocity dependent hydrodynamic derivatives (i.e. ′ , ′ , ′ , ′ and ′ ) can be determined by CMTs; the coupled derivatives (i.e. ′ , ′ , ′ , ′ and ′ ), it can be determined from a combination of the CMT and steady drift tests. As for other related hydrodynamic derivatives and coefficients used in the present study, the values are obtained from the experiment data available in [23] . Table 4 shows the normalized results of hull-related hydrodynamic derivatives determined from the present CFD computations and are compared with the results obtained in [1] and [23] . Note that the hydrodynamic derivatives used in calculations in [1] are inferred from the experimental results in [23] , because the drafts in [1] and [23] correspond to 9.5m and 8.5m for full scale, respectively. As can be seen from Table 4 , though some deviations can the found, especially for ′ , other angular velocity dependent hydrodynamic derivatives (i.e. ′ , ′ , ′ and ′ ) still show good agreement with [1] . As for the rest of the calculated manoeuvring derivatives, they are need to be further validated but no experimental results are available for these cases. Furthermore, as explained in He et al. [24] , the CFD approach is sensitive to many factors, such as mesh, motion parameters and so on, the reliability of CFD method still required to be further investigated. Figure 7 and Figure 8 show the comparisons of port turning trajectories in regular beam and head waves at ⁄ = 0.7, 1.0 , wave amplitude = 1.75 . In these figures the experimental data from [2] and the numerical results in [18] are also displayed. Note that the speed of ship is = 0.15, the propeller revolution is 1.42rps [18] , and the rudder speed rate is set to 3.5°/s. From both figures it can be seen that in general the present numerical result can roughly predict the turning trends in regular waves, which demonstrates the present hybrid method has a good applicability as the method in [18] . But as can be seen from the figures, some obvious deviations can be found, especially for the cases in the initial beam wave scenario. The reason may be the errors due to the numerical technique in present study, but this needs to be further investigated.
Manoeuvring Hydrodynamic Derivatives
Turning Performance in Regular Waves
By comparing the results shown in Figure 7 (a) with Figure  7 (b), Figure 8 (a) with Figure 8 (b) separately, we can find that the shorter the wavelength, the longer the drift distance is. This phenomenon might be accounted for the fact that larger lateral drift forces and yaw moments will be induced by short wavelength than in relatively long wavelength. In addition, as shown in the figures, when a ship is turning in regular waves, the trajectory does not necessarily drift towards the wave propagating direction, but with a drifting angle with respect to incident wave direction, the same conclusion can also be found in [2] , [3] and [18] . The main characteristics of turning circles in waves can be characterized by the drifting distance and the drifting direction, which are detailed depicted in [3] . In this sense, the accuracy of predicting the turning circle in waves depends greatly on the accuracy of the second order drift force and yaw moment.
Additionally, initial incident wave angles also have considerable effect on the turning trajectories. As can be seen from comparisons for the corresponding wavelengths in the figures, i.e. Figure 7 Figure 8 , the negative effect of added resistance will lead to a speed loss when keeping a constant initial output power, subsequently the thrust force will decrease so that the waves force the ship making a faster turn than that in initial wave angle is 90° in Figure 7 . Figure 9 shows the normalized time histories of wave induced heave and pitch motions in contrast to the experimental results in [2] during port turning in beam waves (χ = 90° ) at = 0.7 ⁄
. Figure 10 only represents the present numerical time histories of wave induced heave and pitch motions during port turning in head waves (χ = 180°) at = 0.7 ⁄ due to the lack of available experimental data for comparison. As can be seen in Figure 9 , present numerical results (blue line) can roughly capture the changes of wave induced motion amplitude, but the deviations of phase angles for crests and troughs can be found in comparison with experimental results (red line), the reason is that the high frequency seakeeping problem is dependent on encounter frequency, which reflects the effect from manoevring problem. But in fact, the differences exist (including the magnitude and phase angle) between the numerical and experimental results due to the numerical errors and technics used by present potential method. Despite the numerical errors, the present prediction method can still be used as a qualitative analysis at the initial research stage. Figure 11 gives the present numerical results of normalised forward and lateral speed during turning motion. As can be seen, the components of speed also show the oscillation characteristics when performing a turning circle, which reflects the influence of waves. In addition, the lateral speed component seems to be of a smaller magnitude compared to the forward speed component. This conclusion also explains why some researcher neglect the influence of lateral velocity and just suppose the ship velocity U can be approximated by the surge velocity u, i.e. [21] . 
CONCLUSION
In the present work, a hybrid method, combing potential theory and CFD method, is applied for the prediction of ship's manoeuvring behaviour in regular waves. The two-time scale method is then applied to integrate the seakeeping model with lateral speed and yaw rate in a 3-DOF MMG model to evaluate the turning circle and wave induced motions during turning. From the results and comparisons with model test resuts, the following conclusions can be obtained:
1) The 3D time domain Rankine panel method containing the effects of forward speed and lateral speed developed in this study can be used as a practical way to evaluate the seakeeping problem of laterally drifting ship, but the accuracy will probably be improved by implementing the Kutta condition when adding vortex related viscous effects.
2) Combining potential theory with CFD techniques can be used efficiently for predicting the manoeuvring behaviour in waves in the case of lacking manoeuvring derivatives and coefficients provided from experimental data.
3) In the presence of waves, the turning trajectory does not necessarily drift towards the wave propagating direction, but with a drifting angle with respect to incident wave direction, what is more, the shorter the wavelength, the longer the drift distance is. From this perspective, the accuracy of second order drift force and yaw moment solved in seakeeping problem has critical effect on prediction of turning circle in waves
